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Parasites have profound fitness effects on their hosts, yet these are often
sub-lethal, making them difficult to understand and quantify. A principal
sub-lethal mechanism that reduces fitness is parasite-induced increase in
energetic costs of specific behaviours, potentially resulting in changes to
time and energy budgets. However, quantifying the influence of parasites
on these costs has not been undertaken in free-living animals. We used accel-
erometers to estimate energy expenditure on flying, diving and resting, in
relation to a natural gradient of endo-parasite loads in a wild population
of European shags Phalacrocorax aristotelis. We found that flight costs were
10% higher in adult females with higher parasite loads and these individuals
spent 44% less time flying than females with lower parasite loads. There was
no evidence for an effect of parasite load on daily energy expenditure,
suggesting the existence of an energy ceiling, with the increase in cost of
flight compensated for by a reduction in flight duration. These behaviour
specific costs of parasitism will have knock-on effects on reproductive suc-
cess, if constraints on foraging behaviour detrimentally affect provisioning
of young. The findings emphasize the importance of natural parasite loads
in shaping the ecology and life-history of their hosts, which can have
significant population level consequences.1. Introduction
Parasites are among the most successful life forms and infect nearly every
known animal taxon [1]. It is well known that parasites can have major detri-
mental fitness consequences on their hosts (e.g. [2–4]). Such consequences
may arise because of multiple costs imposed by parasites, such as immune or
stress responses or the direct extraction of resources from their hosts [5–7].
These costs are frequently sub-lethal, whereby they alter fitness-related traits,
yet these processes are poorly understood because they are challenging to quan-
tify [8]. A principal sub-lethal effect of parasites that can readily be quantified is
the impact on performance in terms of movement and foraging. This is a critical
mechanism since impairment of these behaviours can have substantial negative
fitness consequences [9,10].
Since energy in wild animals is limited [11], there can be a trade-off between
allocation of resources to parasite-induced immune responses and perform-
ance-related behaviours [12]. Using an energetics framework with energy as
the central currency can therefore shape our understanding of how parasites
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compensate for these costs by changing the duration of beha-
viours to regulate overall energy expenditure. An energetics
framework requires the measurement of variation in perform-
ance-related behaviours in relation to parasite burdens [13].
However, linking parasitism mechanistically to performance
in free-ranging animals has been undertaken in only a very
small number of cases and often in tractable invertebrate
systems [13].
For most taxa, foraging for resources is tightly linked to
fitness [9,14], and can be quantified through its impacts on
rates of energy expenditure and gain [15,16]. Foraging is an
energetically costly behaviour, especially for breeding indi-
viduals commuting between a fixed breeding site and
foraging locations, because the energetic costs of travel
imposes limits on the allocation of time and resources for
self-maintenance and offspring provisioning [17,18]. Even
with unlimited energy availability, energy expenditure for
foraging and other activities is limited in wild animals [11].
There is evidence that intrinsic constraints may impose an
‘energy ceiling’ in terms of a limit or optimum to daily
energy expenditure (DEE, the total energy expenditure of
an animal over 24 h) defined as the sum of the cost of activi-
ties multiplied by time spent on those activities [19]. As such,
to maintain DEE, any increase in costs of a behaviour may be
compensated for by reducing the time allocation to that be-
haviour. Such compensation may then lead to changes in
fitness [20,21]. However, these processes have not previously
been quantified in free-living animals.
Here, we quantify the costs of nematode endo-parasites
on the cost and time allocation of specific behaviours
(flying, resting and diving) in breeding European shags
Phalacrocorax aristotelis. Breeding adult shags are central
place foragers commuting between the nest site and for-
aging grounds, experiencing high energetic costs of
foraging activities [22]. Furthermore, recent experimental
work has illustrated the critical role of parasitism in European
shag reproduction [4,23]. As such, they are a useful study
species to test the effects of parasitism on the cost and allo-
cation to key foraging activities. In this study, we aim to
quantify the costs of endo-parasites by testing three main
hypotheses: (H1) parasite load is linked to an increase in
the energetic cost of behaviours; (H2) time allocated to
affected behaviours is negatively related to parasite load;
and (H3) increases in energetic cost of behaviours will be
compensated for by changes in time allocation resulting in
no link between parasite load and DEE.2. Material and methods
(a) Study site and species
The study was carried out on the Isle of May National Nature
Reserve, south-east Scotland (568110 N, 28330 W) during the
breeding seasons of 2014–2017. All individuals were part of a
long-term population study and are marked with a unique
metal ring and a darvic ring for identification. Adults are sexu-
ally dimorphic, with males 22% larger than females [24], and
are sexed by vocalizations [25]. Populations of European shags
P. aristotelis are susceptible to nematode gastro-intestinal paras-
ites, in particular anisakid nematodes Contracaecum rudolphii.
Previous sampling of this population through dissection,
faecal egg counts and endoscopy has shown a high prevalence
of C. rudolphii [4,23,26], though parasite loads vary markedlybetween individuals [23,26]. Effects are usually sub-lethal,
whereby parasites compete with the host for nutrients and
initiate costly immune responses [27]. Shags become infected
with third stage larvae via their fish diet. Larval worms moult
to become sexually mature adults which attach to the lining of
the proventriculus and lower oesophagus in the final seabird
host [26,27].
(b) Measuring parasite loads
Adult European shags were captured on the nest using a crook
on the end of a long pole. Endoscopy to quantify individual
parasite burdens was undertaken in early chick rearing (when
the chicks were between 5 and 38 days old). To ensure that indi-
viduals had empty stomachs, endoscopy was performed
between 03.30 and 07.30, before they had left for their first fora-
ging trip of the day. Worm burdens were counted visually using
the endoscope video screen, though counts of worms for burdens
of greater than 40 were not possible owing to the number of
worms preventing good visibility. Counts of worms greater
than this were recorded as greater than 40. These methods
were found to be repeatable within an individual across a
season [26]. For detailed endoscopy methods see Burthe et al.
[26]. All endoscopy was performed by trained personnel (S.B.)
holding a personal licence operating under a project licence
issued by the UK Home Office under the Animals (Scientific Pro-
cedures) Act 1986.
(c) Measuring energy expenditure
All birds were then equipped with tri-axial accelerometers
(D3GT, little Leonardo, Tokyo, Japan, AXY3-Depth, Technos-
mart, Rome, Italy and Gulf Coast Data Concepts X8) to
measure the energetic cost of variation in parasite load. Acceler-
ometers ranged in mass from 6.5–9 g but all were less than 0.7%
of the minimum shag body weight in this study well within the
recommended acceptable limit of logger weights. Accelerometers
were set to record at 25 or 50 Hz and attached on the midline of
the mid back of individuals (as close to the centre of gravity as
possible) using Tesa tape. All birds were successfully recaptured
and accelerometers were retrieved after four days of deploy-
ment (92 deployments on endoscoped individuals across four
years with 57 unique individuals; n ¼ 4 in 2014, n ¼ 24 in 2015,
n ¼ 39 in 2016, n ¼ 25 in 2017).
Data logger traces were used to differentiate between diving,
flying and resting (the three main activities of shags) in two
steps. Firstly the Ethographer application, which was developed
to classify behaviour states in European shags [28], in IGOR PRO
software (Wavemetrics Inc., Portland, OR, USA, 2000, version
6.3.5) was used to assign data as diving (including surface and
subsurface periods) or non-diving behaviour, through super-
vised cluster analysis using k means methods on the depth
trace [28]. In the case of the accelerometers where depth data
were not available, cluster analysis was performed on the surge
axis. Secondly, the remaining accelerometer data was assigned
as either flight or resting behaviour (either at sea or on land)
using frequency histograms of the standard deviation of the
heave axis and pitch (calculated over 60 s) [29].
Overall dynamic body acceleration (ODBA) was calculated
by first smoothing each of the three acceleration channels with
a running mean to represent acceleration primarily owing to
gravity. In our study, the running mean was 1 s (i.e. 25 data
points for 25 Hz accelerometers) as in [29]. The smoothed value
was then subtracted from the corresponding unsmoothed data
for that time interval to produce a value of g resulting primarily
from dynamic acceleration [30]. Derived values were then con-
verted into absolute positive units, and the values from all
three axes were summed to give an overall value for dynamic
acceleration experienced.
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Hicks et al. [31] to determine behavioural specific energy expen-
diture values for all behavioural bouts. For each individual, we
calculated a mean daily rate of oxygen consumption for each be-
haviour, averaging all bouts of that behaviour on that day. DEE
was the sum of the energetic costs of all behavioural bouts within
a full 24 h period of activity. Individuals had between one and
four of these periods, dependent on the length of the logger
deployment. We treated estimates of energy expenditure at the
individual level as a measurement, as in previous studies of
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We incorporated extrinsic variables that impact on the foraging
behaviour of breeding adults since the effect of parasitism in
this system varies across environmental conditions [23]. Mean
population productivity (measured as the average number of
fledged young per incubated nest in a series of long-term moni-
toring plots from the wider island population) was included as
a measure of annual environmental conditions, following [23].
Chick age of the oldest chick in the brood was estimated from
wing length at ringing at approximately 20 days of age (a
reliable indicator of chick age [34]) and used to back calculate
an estimate of age in days at time of logger deployment.
Brood size (number of chicks at logger deployment) was also
incorporated in analyses, as adult energy expenditure and fora-
ging effort is likely to vary with the total brood mass that must
be provisioned [35].(e) Statistical analysis
To test H1, we first considered the cost of three behaviours in
response to parasite load. We modelled mean daily rate of
oxygen consumption for each bird each day ð _Vo2, ml min1Þ sep-
arately for flight, diving and resting behaviours using linear
mixed effects models. Parasite load, mean population pro-
ductivity, brood size and chick age in days were fitted as
continuous explanatory variables and we accounted for variation
among individuals and years by including individual, year and a
year by individual interaction as random factors. Interactions
between parasite load and each of the other three explanatory
variables were considered. We fitted models for males and
females separately owing to non-independence of nest pairs
and differing parasite load distributions between sexes and indi-
cations that similar parasite loads have different impacts on
males and females [4,23]. See the electronic supplementary
material, ST1 for a description of model structures and expla-
nations; all possible subsets of fixed effects were considered
when running the model selection (subject to the standard
restriction that interaction terms are only included alongside
the corresponding main effect terms). To test H2 and quantify
how the proportion of time spent per day in behaviours changed
with parasite load, we modelled logit transformed proportion
per day of each behaviour (flight, diving and resting on land)
in separate models, using the same set of explanatory variables
as in the analysis of costs of behaviours. Finally, to test H3 we
modelled DEE using the same model structure as those for the
individual behaviours.
In all model sets, model selection was based on Akaike’s
information criterion (AIC), which penalizes the inclusion of par-
ameters in models, and hence should lead to the removal of
unnecessary parameters [36]. The model with the lowest AIC is
usually chosen to be the ‘best’ model, but models within two
DAIC of the lowest value are generally considered to have similar
empirical support to that of the best model. All models were
fitted using the lme4 package in R [37,38].Finally, to investigate the links between energetic costs,
behaviours and DEE in full, we used predicted values from
our models to estimate the total cost of each behaviour per
day in high and low parasite burden scenarios. This was
achieved by multiplying the predicted energetic rates by the pre-
dicted proportion of time spent in each behaviour under
maximum and minimum parasite loads measured in the
study. We also summed the total simulated costs of each of
the three behaviours to estimate DEE for each parasite burden
scenario. This enables us to understand whether changes in
costs of behaviours were compensated for via changes in dur-
ation of that behaviour.3. Results
(a) The effect of parasite load on the energetic cost of
behaviours
In females, an effect of parasite load on the cost of foraging
behaviours was detected in all three behaviour specific
models; effect sizes varied with the largest effect apparent in
flight behaviour (see figure 1 for comparison of all behaviours
on the same scale). Inmales, therewasweak evidence for a posi-
tive effect of parasitism on flight behaviour but no evidence for
the effect of parasitism on dive or rest behaviour.
(i) Flight behaviour
The best supported model for the effect of parasitism on the
cost of flight in females showed a positive relationship
between parasite load, with the cost of flight behaviour
increasing by approximately 10% from the minimum to
maximum parasite load (see the electronic supplementary
material, ST2). This model also incorporated a positive
effect of brood age and a negative effect of brood size on
the cost of flight (see the electronic supplementary material,
figure S2). A positive effect of parasite load was included in
all of the six best supported models (within two DAIC of
the top model). For males, the best supported model
included a positive effect of parasite load as well as a positive
effect of brood age and an interaction between brood age and
parasite load (see the electronic supplementary material,
figure S2). However, in this case, parasite load was only
included in four of the six best supported models and the
null model is 1.53 DAIC within the top model, suggesting
some caution in interpreting this result (see the electronic
supplementary material, ST2).
(ii) Dive behaviour
The best supported model for the effect of parasite load on
the cost of diving behaviour for females included a negative
effect of parasite load, though the effect size was small in that
the dive costs at maximum observed parasite loads were just
0.7% lower than at the minimum observed parasite load.
Equally some caution must be exercised as parasite load is
only included in two of the four best supported models
(see the electronic supplementary material, ST3). For males,
the best model was the null model.
(iii) Rest behaviour
The best supported model for females included a positive
effect of parasitism, with the cost of rest increasing by 5%
from the minimum to maximum parasite load. This model
also incorporated a negative effect of brood size, a positive
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Figure 1. The effect of parasite load on the cost ð_Vo2, ml min1Þ of flight, diving and resting behaviour for female European shags. Solid lines represent predicted
values from the best supported model for each behaviour and dashed lines represent 95% confidence intervals. Points represent mean daily rate of oxygen con-
sumption for each behaviour of each bird on each day. Purple is cost of flight, orange is cost of diving and green is cost of resting. All three behaviour predicted lines
are extracted from separate behaviour specific models.
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material, figure S3) and mean population productivity as
well as an interaction between parasitism and mean popu-
lation productivity (electronic supplementary material, ST4).
In lower productivity years there is a greater positive relation-
ship between parasite load and the cost of rest than in high
productivity years. However, the null model is only 1.16
DAIC within the top model. The best supported model for
males was the null model.
(b) The effect of parasite load on the proportion of
time spent in foraging behaviours
In females, the effect of parasite load was found to be strongly
negatively related to the proportion of time spent in flight be-
haviour but no effect on diving or resting time budgets could
be identified (figure 2). In males, there was no evidence for the
effect of parasite load on the time budgets of any behaviour.
(i) Proportion of time spent in flight
The best supported model showed a negative effect of para-
site load on the proportion of time spent in flight for
females (electronic supplementary material, ST5) such that
individuals with the highest parasite loads spend 44% less
time in flight than individuals with the lowest parasite
loads (figure 2). The best supported model for males
(electronic supplementary material, ST5) did not include
parasite load but contained a positive effect of brood age
on the proportion of time spent in flight behaviour (see the
electronic supplementary material, figure S4).
(ii) Proportion of time spent in diving
The best supported model for females included a positive
effect of brood age on the proportion of time spent diving
(electronic supplementary material, ST6). The best supported
model for males also included a positive effect of brood ageon the proportion of time spent in diving behaviour (see
the electronic supplementary material, figure S5).
(iii) Proportion of time spent in resting
The best supported model for females included a negative
effect of brood age on the proportion of time spent resting.
For males, the best supported model also included a negative
effect of brood age on the proportion of time spent resting
(electronic supplementary material, ST7).
(c) The effect of parasite load on daily energy
expenditure
There was no evidence for an effect of parasite load on DEE
for females or males (electronic supplementary material,
ST8). For females, the model containing parasite load was
2.36 AIC units greater than the best-supported model and
for males the model containing parasite load was 2.24 AIC
units greater than the best-supported model. The best sup-
ported models showed only a positive effect of brood age
on DEE for both males and females (see the electronic sup-
plementary material, figure S7).
(d) Predicted behavioural costs
Despite costs of flight increasing with parasite load, the maxi-
mum parasite load scenario has a lower total energy
expenditure spent in flight. Given that the proportion of
flight per day decreases with parasite load, this suggests
that individuals with high parasite loads reduce flight time
more than is actually required (figure 3).4. Discussion
In this study, we quantified the energetic cost of parasitism to
individuals of a free-living population, to our knowledge for
0
0
0.03
0.1 0.6
0.7
0.8
0.9
0.2
0.3
0.4
0.06
0.09
0.12
10
pr
op
or
tio
n 
of
 ti
m
e 
sp
en
t i
n 
be
ha
v
io
ur
20
parasite load
30 40 0 10 20
parasite load
30 40 0 10 20
parasite load
30 40
Figure 2. Impact of variation in individual parasite load on the proportion of time spent in flight, diving and rest with respect to other foraging behaviours in
female European shags. Solid line represents predicted values from the best supported model for females dashed lines represent 95% confidence intervals. Points
represent the proportion of time spent in each behaviour for each bird each day. Different panels represent the three behaviours left to right; flight, diving and rest.
Models are fitted separately for each behaviour therefore predicted proportions do not sum to one.
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Figure 3. Predicted total energy expenditure ð_Vo2, l day1Þ for female
shags in each behaviour per day with 95% confidence intervals. Total
energy expenditure values for each behaviour are calculated based on pre-
dicted values for the proportion of time spent in each behaviour
multiplied by the predicted rate of energy expenditure for that behaviour.
Total DEE is calculated by summing the total energy expenditure for the
three behaviours. Light blue bars represent predictions based on a minimum
natural parasite load scenario and dark blue bars represent predictions based
on maximum parasite loads. If behavioural costs and time budgets balance
out there should be no difference in total behavioural energy expenditure
between maximum and minimum parasite load scenarios.
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behaviours and time budgets owing to variation in natural
endo-parasite load in female European shags but no relation-
ship between parasite load and DEE in either sex. Specifically,
in support of H1 and H2, we found the cost of flight to be
higher in females with higher parasite loads and these individ-
uals spent a smaller proportion of their time in this behaviour
than females with lower parasite loads. We found a small
effect of parasitism on the cost of diving and resting behaviour
in female shags but no change to their time energy budgets as
a result of parasite load. Overall, in support of H3, this com-
pensation suggests that European shags are limited in theirDEE and must compensate for increased activity costs by
reducing their duration; this suggests energetic trade-offs
exist between performance-related behaviours and immune
responses to parasitism.
Flight usually comprises a large proportion of an individ-
ual’s daily energy budget in volant birds with flapping flight
[39]. For species such as the European shag, where energy
expenditure is limited by a tight energy budget or optimal
energy ceiling, we would expect a reduction in investment
in more costly behaviours. Accordingly, we found that indi-
viduals with higher parasite burdens and greater flight
costs spent a smaller proportion of time in flight than individ-
uals with low parasite burdens. Similarly, experimentally
parasitized honeybees were found to perform a lower
number of daily flights than control individuals [40].
While flight behaviour in any species requires large energy
outputs and efficient muscle use, endo-parasites can affect
nutrient assimilation and muscle efficiency essential for
flight [41]. Shags like other cormorant species are continuous
flapping flyers and have limited flight performance as a
trade-off to their diving ability [42]. Consequently, any
damage to muscle efficiency or feather quality could have sig-
nificant impacts on flight costs. There is evidence of the
negative impacts of endo-parasites on feather repair and
development as well as stress on feather quality in other
species of birds [43,44]. Additionally preen gland size is nega-
tively related to immune function which, via preen oil
production, can also impact feather condition function [43,44].
By measuring the costs of active behaviours such as
flight and diving behaviour, we can gain an understanding
of how these high cost behaviours might link to energetic
limits. However, resting behaviour costs should partially
reflect the maintenance costs of an individual and be
elevated with an increase in immune response [45,46].
That we see a small increase in the cost of resting behav-
iour with increased parasite load could be an indication
of increased maintenance cost. However it is known that
accelerometry is not a good proxy for resting costs in
active animals [47] and further measurements of resting
rspb.royalsocietypublishing.org
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is recommended.
In establishing the response of DEE to parasite load our
results suggest that adult shags may have an optimum
energy ceiling, as demonstrated in several other seabird
species during the breeding season [20,48]. This optimum
energy ceiling means that any increase in cost to an activity
must be counteracted by either a reduction in duration of
that activity or a reduction in cost of other activities. This
assertion is supported by our finding that individuals with
more costly flight behaviour spent a lower proportion of
their time per day in flight, ensuring that DEE was unaf-
fected. In calculating total behavioural costs (figure 3) we
found individuals with high parasite loads decreased the pro-
portion of time spent in flight more than would be predicted
solely from the increase in the cost of this behaviour, as there
was an overall decrease in the mean total cost of flight per
day (figure 3). This trade-off between flight costs and allo-
cation suggests that changes in the proportion of time spent
in flight may also be compensating for other costs or changes
in energy use. We would expect that any increase in mainten-
ance costs arising from an immune response, that were not
measureable in this study, would require additional compen-
sation through reduced activity [20]. As flight is the most
costly behaviour that shags can use to divest energy expendi-
ture, it may be that maintenance costs in the highly
parasitized individuals are being compensated for with the
extra reduction in flight time.
Previous work has shown that extrinsic variables such
as wind, presence of food in the stomach and other environ-
mental conditions can affect foraging energetics, behaviour
and breeding success [49,50]. Our findings are consistent
with this finding, providing additional evidence that environ-
mental drivers are important in energy use. Our finding that
brood age was positively related to flight costs in females is
expected, since adults provisioning large chicks return from
foraging grounds with larger food loads, which incurs
higher costs on the inbound flight [50]. This relates to the
experimental evidence of Reed et al. [4] where females
spent more time foraging with increasing age of their off-
spring when they were relieved of their parasite load.
Similarly, DEE also increased with brood age which we inter-
pret to mean that shags have an optimal energy ceiling at any
given stage of the breeding season, perhaps reflecting the
demands of provisioning the chicks and/or investment
made to that point. DEE of provisioning birds often increases
to accommodate extra energetic needs of offspring [51], how-
ever the scope to which DEE can be raised further in response
to parasites appears to be limited, either owing to physiologi-
cal, extrinsic or other factors [15].
The negative relationship found between brood size and
cost of flight behaviour may relate to the quality of the individ-
uals, such that individuals with larger broods are likely to be
higher quality individuals in better condition with more
energy to assign to maintenance such as feather condition
and therefore may experience lower costs in flight. It is known
that parasite effects can vary with environmental conditions
[23]; therefore it is important to note that effects in this study
were all fromdatacollected inyearswith highmeanpopulation
productivity (our proxy for environmental conditions). We
would expect to see more extreme effects of parasitism in
lower productivity years where poor foraging conditions can
cause individuals to be undermore severe energetic constraint.We consistently found limited evidence for the effect of
parasite load on energy budgets or costs of behaviours in
male European shags. This difference among sexes corrobo-
rates previously established differences in investment in
reproduction and consequently different constraints on
energy expenditure in females compared to males across
many species [52]. Experimental work in shags also shows
stronger effects on foraging time in females than males
when parasites are removed [4]. The larger of the sexes
often show higher foraging efficiency in bird species [49].
Consistent with the assumption that females (the smaller
sex in shags) are more constrained energetically, only females
showed an energetic and behavioural response to parasitism
despite both sexes showing a positive increase in DEE with
brood age. These sex differences in the impact of parasites
could have consequences for survival; indeed, previous
work has shown that during winter female shags have
lower survival than males [53].5. Conclusion
In most parasite-host systems there is marked heterogeneity
with respect to parasite load within the population, which
often leads to demographic differences among individuals
[54]. In this study, we demonstrated that, parasite load
was related to energy expenditure and time budgets of
foraging behaviours, which may be a key process underpin-
ning the demographic consequences of parasites. This work
demonstrates that energetics is a powerful framework to aid
the understanding of individual-level mechanisms driving
life-history. This study provides a potential mechanism
behind experimental evidence of sex biased fitness effects
of parasitism in a free-ranging population. The findings
emphasize the importance of natural parasite loads in
shaping the ecology and life-history of their hosts, which
can have significant population level consequences [8].
Ethics. Endoscopy is a licensed procedure and was undertaken under
Home Office Project Licence PPL60/4001 and conducted by trained
personnel (S.B.) holding a personal licence (PIL40/6722). The work
had full ethical approval from the CEH Ethics Committee and the
Home Office.
Data accessibility. The data and script for this study are archived in the
repository figshare and were made available to editors and reviewers
upon submission (https://doi.org/10.6084/m9.figshare.6231560).
Authors’ contributions. O.H., S.B., F.D. and J.A.G. designed the study.
O.H., S.B., F.D., M.N. and M.I. collected the data. M.I. and K.S. pro-
vided essential data loggers for this study. O.H. processed the data,
conducted the statistical analyses and wrote the manuscript. A.B.
provided statistical advice. All authors (O.H., S.B., F.D., M.N., A.B.,
M.I., K.S. and J.A.G.) contributed to interpreting results and improve-
ment of this paper.
Competing interests. We declare we have no competing interest.
Funding. O.H. was funded by a PhD studentship from the Natural
Environment Research Council. Accelerometry data collection was
made possible by funding for data loggers by the Japanese Society
for the Promotion of Science, UTBLS: Bio-Logging
Science, University of Tokyo. Endoscopy work was funded by the
Natural Environment Research Council and the Centre for Ecology
& Hydrology project QUIP (QUantifying the Impact of Parasites on
seabirds) and undertaken under Home Office licence PPL70/8107.
Acknowledgements. We are grateful to Akinori Takahashi, Yutaka
Watanuki, Yukihisa Kogure for their help with biologging devices
and to Scottish Natural Heritage for allowing us to work on the
Isle of May. We also thank the reviewers whose comments helped
improve the manuscript.
7 on May 31, 2018http://rspb.royalsocietypublishing.org/Downloaded from Referencesrspb.royalsocietypublishing.org
Proc.R.Soc.B
285:201804891. Dobson A, Lafferty KD, Kuris AM, Hechinger RF, Jetz
W. 2008 Homage to Linnaeus: how many parasites?
how many hosts? Proc. Natl Acad. Sci. USA 105,
11 482–11 489. (doi:10.1073/pnas.0803232105)
2. Booth DT, Clayton DH, Block BA. 1993 Experimental
demonstration of the energetic cost of parasitism in
free-ranging hosts. Proc. R. Soc. B 253, 125–129.
(doi:10.1098/rspb.1993.0091)
3. Gooderham K, Schulte-Hostedde A. 2011
Macroparasitism influences reproductive success in
red squirrels (Tamiasciurus hudsonicus). Behav. Ecol.
22, 1195–1200. (doi:10.1093/beheco/arr112)
4. Reed TE, Daunt F, Hall ME, Phillips RA, Wanless S,
Cunningham EJA. 2008 Parasite treatment affects
maternal investment in sons. Science 321, 1681–
1682. (doi:10.1126/science.1159466)
5. Martin LB, Scheuerlein A, Wikelski M. 2003 Immune
activity elevates energy expenditure of house
sparrows: a link between direct and indirect costs?
Proc. R. Soc. Lond. B 270, 153–158. (doi:10.1098/
rspb.2002.2185)
6. Smyth KN, Drea CM. 2016 Patterns of parasitism in
the cooperatively breeding meerkat: a cost of
dominance for females. Behav. Ecol. 27, 148–157.
(doi:10.1093/beheco/arv132)
7. Sheldon BC, Verhulst S. 1996 Ecological
immunology—costly parasite defenses and trade-
offs in evolutionary ecology. Trends Ecol. Evol. 11,
317–321. (doi:10.1016/0169-5347(96)10039-2)
8. McElroy EJ, de Buron I. 2014 Host performance as a
target of manipulation by parasites: a meta-
analysis. J. Parasitol. 100, 399–410. (doi:10.1645/
13-488.1)
9. Binning SA, Shaw AK, Roche DG. 2017 Parasites and
host performance: incorporating infection into our
understanding of animal movement. Integr. Comp.
Biol. 57, 1–14. (doi:10.1093/icb/icx024)
10. Lewis S, Elston DA, Daunt F, Cheney B, Thompson
PM. 2009 Effects of extrinsic and intrinsic factors on
breeding success in a long lived seabird. Oikos 118,
521–528. (doi:10.1111/j.1600-0706.2009.17308.x)
11. Hammond KA, Diamond J. 1997 Maximal sustained
energy budgets in humans and animals. Nature
386, 457–462. (doi:10.1038/386457a0)
12. Norris K, Evans MR. 2000 Ecological immunology:
life history trade-offs and immune defense in
birds. Behav. Ecol. 11, 19– 26. (doi:10.1093/
beheco/11.1.19)
13. Sandland GJ, Minchella DJ. 2003 Costs of immune
defense: an enigma wrapped in an environmental
cloak? Trends Parasitol. 19, 571–574. (doi:10.1016/
j.pt.2003.10.006)
14. Daunt F, Wanless S, Harris MP, Money L, Monaghan
P. 2007 Older and wiser: improvements in breeding
success are linked to better foraging performance in
European shags. Funct. Ecol. 21, 561–567. (doi:10.
1111/j.1365-2435.2007.01260.x)
15. Elliott KH, Le Vaillant M, Kato A, Gaston AJ, Ropert-
Coudert Y, Hare JF, Speakman JR, Croll D. 2014 Age-
related variation in energy expenditure in a long-lived bird within the envelope of an energy ceiling.
J. Anim. Ecol. 83, 136–146. (doi:10.1111/1365-
2656.12126)
16. Tomlinson S, Arnall SG, Munn A, Bradshaw SD,
Maloney SK, Dixon KW, Didham RK. 2014
Applications and implications of ecological
energetics. Trends Ecol. Evol. 29, 280–290. (doi:10.
1016/j.tree.2014.03.003)
17. Burke CM, Montevecchi WA. 2009 The foraging
decisions of a central place foraging seabird in
response to fluctuations in local prey conditions.
J. Zool. 278, 354–361. (doi:10.1111/j.1469-7998.
2009.00584.x)
18. Dosselli R, Grassl J, Carson A, Simmons LW, Baer B.
2016 Flight behaviour of honey bee (Apis mellifera)
workers is altered by initial infections of the fungal
parasite Nosema apis. Sci. Rep. 6, 36649. (doi:10.
1038/srep36649)
19. Speakman JR. 1997 Doubly labelled water: theory
and practice. London, UK: Chapman and Hall.
20. Mathot KJ, Dingemanse NJ. 2015 Energetics and
behavior: unrequited needs and new directions.
Trends Ecol. Evol. 30, 199–206. (doi:10.1016/j.tree.
2015.01.010)
21. Biro PA, Stamps JA. 2010 Do consistent individual
differences in metabolic rate promote consistent
individual differences in behavior? Trends Ecol. Evol.
25, 653–659. (doi:10.1016/j.tree.2010.08.003)
22. Enstipp MR, Gre´millet D, Lorentsen S-H. 2005
Energetic costs of diving and thermal status in
European shags (Phalacrocorax aristotelis). J. Exp.
Biol. 208, 3451–3461. (doi:10.1242/jeb.01791)
23. Granroth-Wilding H, Burthe SJ, Lewis S, Reed TE,
Herborn KA, Newell MA, Takahashi EA, Daunt F,
Cunningham EJA. 2014 Parasitism in early life:
environmental conditions shape within-brood
variation in responses to infection. Ecol. Evol. 4,
3408–3419. (doi:10.1002/ece3.1192)
24. Wanless S, Harris M. 1997 Phalacrocorax aristotelis
shag. BWP Updat. 1, 3–13.
25. Snow B. 1960 The breeding biology of the shag
Phalacrocorax aristotelis on the Island of Lundy,
Bristol Channel. Ibis (Lond. 1859) 102, 554–575.
(doi:10.1111/j.1474-919X.1960.tb07132.x)
26. Burthe S, Newell MA, Goodman G, Butler A,
Bregnballe T, Harris E, Wanless S, Cunningham EJA,
Daunt F. 2013 Endoscopy as a novel method for
assessing endoparasite burdens in free-ranging
European shags (Phalacrocorax aristotelis).
Methods Ecol. Evol. 4, 207–216. (doi:10.1111/2041-
210x.12015)
27. Abollo E, Gestal C, Pascual S. 2001 Anisakid
infection in the European shag Phalacrocorax
aristotelis aristotelis. J. Helminthol. 75, 209–214.
(doi:10.1079/JOH200051)
28. Sakamoto KQ, Sato K, Ishizuka M, Watanuki Y,
Takahashi A, Daunt F, Wanless S. 2009 Can
ethograms be automatically generated using body
acceleration data from free-ranging birds? PLoS ONE
4, e5379. (doi:10.1371/journal.pone.0005379)29. Collins PM, Green JA, Warwick-Evans V, Dodd S,
Shaw PJ, Arnould JP, Halsey LG. 2015 Interpreting
behaviors from accelerometry: a method combining
simplicity and objectivity. Ecol. Evol. 5, 4642–4654.
(doi:10.1002/ece3.1660)
30. Wilson RP, White CR, Quintana F, Halsey LG, Liebsch
N, Martin GR, Butler PJ. 2006 Moving towards
acceleration for estimates of activity-specific
metabolic rate in free-living animals: the case of the
cormorant. J. Anim. Ecol. 75, 1081–1090. (doi:10.
1111/J.1365-2656.2006.01127.X)
31. Hicks O, Burthe S, Daunt F, Butler A, Bishop C,
Green JA. 2017 Validating accelerometry estimates
of energy expenditure across behaviours using heart
rate data in a free-living seabird. J. Exp. Biol. 220,
1875–1881. (doi:10.1242/jeb.152710)
32. Elliott KH, Ricklefs RE, Gaston AJ, Hatch SA,
Speakman JR, Davoren GK. 2013 High flight costs,
but low dive costs, in auks support the
biomechanical hypothesis for flightlessness in
penguins. Proc. Natl Acad. Sci. USA 110, 9380–
9384. (doi:10.1073/pnas.1304838110)
33. Sala JE, Wilson RP, Quintana F. 2014 Foraging effort
in Magellanic penguins: balancing the energy books
for survival? Mar. Biol. 162, 501–514. (doi:10.
1007/s00227-014-2581-9)
34. Reed TE, Daunt F, Kiploks AJ, Burthe SJ, Granroth-
Wilding HMV, Takahashi EA, Newell M, Wanless S,
Cunningham EJA. 2012 Impacts of parasites in early
life: contrasting effects on juvenile growth for
different family members. PLoS ONE 7, e32236.
(doi:10.1371/journal.pone.0032236)
35. Gre´millet D. 1997 Catch per unit effort, foraging
efficiency, and parental investment in breeding great
cormorants (Phalacrocorax carbo carbo). ICES J. Mar.
Sci. 54, 635–644. (doi:10.1006/jmsc.1997.0250)
36. Burnham KP, Anderson DR. 2001 Kullback-Leiber
information as a basis for strong inference in
ecological studies. Wildl. Res. 28, 111–119. (doi:10.
1071/WR99107)
37. Bates D, Ma¨chler M, Bolker B, Walker S. 2014 Fitting
linear mixed-effects models using lme4. J. Stat.
Softw. 67, 48. (doi:10.18637/jss.v067.i01)
38. R Core Team. 2015 R: a language and environment
for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing.
39. Elliott KH. 2016 Measurement of flying and diving
metabolic rate in wild animals: review and
recommendations. Comp. Biochem. Physiol.-Part A
Mol. Integr. Physiol. 202, 63–77. (doi:10.1016/j.
cbpa.2016.05.025)
40. Alaux C, Crauser D, Pioz M, Saulnier C, Le Conte Y.
2014 Parasitic and immune modulation of flight
activity in honey bees tracked with optical counters.
J. Exp. Biol. 217, 3416–3424. (doi:10.1242/jeb.
105783)
41. Colditz IG. 2008 Six costs of immunity to
gastrointestinal nematode infections. Parasite
Immunol. 30, 63–70. (doi:10.1111/j.1365-3024.
2007.00964.x)
rspb.royalsocietypublishing.org
Proc.R.Soc.B
285:20180489
8
 on May 31, 2018http://rspb.royalsocietypublishing.org/Downloaded from 42. Watanabe YY, Takahashi A, Sato K, Viviant M, Bost
C-A. 2011 Poor flight performance in deep-diving
cormorants. J. Exp. Biol. 214, 412–421. (doi:10.
1242/jeb.050161)
43. Pap PL, Vagasi CI, B?rbos LA, Marton A. 2013
Chronic coccidian infestation compromises flight
feather quality in house sparrows Passer domesticus.
Biol. J. Linn. Soc. 108, 414–428. (doi:10.1111/j.
1095-8312.2012.02029.x)
44. Moreno-Rueda G. 2015 Body-mass-dependent
trade-off between immune response and uropygial
gland size in house sparrows Passer domesticus.
J. Avian Biol. 46, 40–45. (doi:10.1111/jav.00358)
45. Careau V, Garant D, Humphries MM. 2012 Free-
ranging eastern chipmunks (Tamias striatus)
infected with bot fly (Cuterebra emasculator) larvae
have higher resting but lower maximum
metabolism. Can. J. Zool. 421, 413–421. (doi:10.
1139/Z2012-008)
46. Ots I, Kerimov AB, Ivankina EV, Ilyina TA, Horak P.
2001 Immune challenge affects basal metabolicactivity in wintering great tits. Proc. R. Soc. Lond. B
268, 1175–1181. (doi:10.1098/rspb.2001.1636)
47. Green JA, Halsey LG, Wilson RP, Frappell PB. 2009
Estimating energy expenditure of animals using the
accelerometry technique: activity, inactivity and
comparison with the heart-rate technique. J. Exp.
Biol. 212, 471–482. (doi:10.1242/jeb.026377)
48. Welcker J, Moe B, Bech C, Fyhn M, Schultner J,
Speakman JR, Gabrielsen GW. 2010 Evidence for an
intrinsic energetic ceiling in free-ranging kittiwakes
Rissa tridactyla. J. Anim. Ecol. 79, 205–213.
(doi:10.1111/j.1365-2656.2009.01626.x)
49. Lewis S, Phillips RA, Burthe SJ, Wanless S, Daunt F.
2015 Contrasting responses of male and female
foraging effort to year-round wind conditions.
J. Anim. Ecol. 84, 1490–1496. (doi:10.1111/1365-
2656.12419)
50. Sato K, Daunt F, Watanuki Y, Takahashi A, Wanless
S. 2008 A new method to quantify prey acquisition
in diving seabirds using wing stroke frequency.
J. Exp. Biol. 211, 58–65. (doi:10.1242/jeb.009811)51. Welcker J, Speakman JR, Elliott KH, Hatch SA,
Kitaysky AS. 2015 Resting and daily energy
expenditures during reproduction are adjusted in
opposite directions in free-living birds. Funct. Ecol.
29, 250–258. (doi:10.1111/1365-2435.12321)
52. Harms NJ, Legagneux P, Gilchrist HG, Bety J, Love
OP, Forbes MR, Bortolotti GR, Soos C. 2014
Feather corticosterone reveals effect of moulting
conditions in the autumn on subsequent
reproductive output and survival in an Arctic
migratory bird. Proc. R. Soc. B 282, 20142085.
(doi:10.1098/rspb.2014.2085)
53. Brooks SP, Cathpole EA, Morgan BJT, Harris MP.
2002 Bayesian methods for analysing ringing data.
J. Appl. Stat. 29, 187–206. (doi:10.1080/
02664760120108683)
54. Granroth-Wilding HMV, Daunt F, Cunningham EJA,
Burthe SJ. 2017 Between-individual variation in
nematode burden among juveniles in a wild host.
Parasitology 144, 248–258. (doi:10.1017/
S0031182016001700)
